Summary Heel ultrasound is a more portable modality for assessing fracture risk than dual-energy X-ray absorptiometry and does not use ionising radiation. Fracture risk assessment requires appropriate reference data to enable comparisons. This study reports the first heel ultrasound reference ranges for the Australian population. Introduction This study aimed to develop calcaneal (heel) ultrasound reference ranges for the Australian adult population using a population-based random sample. Methods Men and women aged ≥20 years were randomly selected from the Barwon Statistical Division in 2001-2006 and 1993-1997, respectively, using the electoral roll. Broadband ultrasound attenuation (BUA), speed of sound (SOS) and stiffness index (SI) were measured at the heel using a Lunar Achilles Ultrasonometer. Gender-specific means and standard deviations for BUA, SOS and SI were calculated for the entire sample (men 20-93 years, n01,104; women 20-92 years, n0914) and for participants aged 20-29 years (men, n0157; women, n0151). Associations between ultrasound measures and age were examined using linear regression. Results For men, mean ± standard deviation BUA, SOS and SI were 118.7±15.8 dB/MHz, 1,577.0±43.7 m/s and 100.5± 20.7, respectively; values for women were consistently lower (111.0±16.4 dB/MHz, P<0.001; 1,571.0±39.0 m/s, P00.001; and 93.7±20.3, P<0.001, respectively). BUA was higher in young men compared with young women (124.5±14.4 vs 121.0±15.1 dB/MHz), but SOS (1,590.1±43.1 vs 1,592.5± 35.0 m/s) and SI (108.0±19.9 vs 106.3±17.7) were not. The relationships between age and each ultrasound measure were linear and negative across the age range in men; associations were also negative in women but non-linear. Conclusion These data provide reference standards to facilitate the assessment of fracture risk in an Australian population using heel ultrasound.
Introduction
Measuring the quantity and quality of bone is important in the assessment of fracture risk. Calcaneal (heel) ultrasound measures broadband ultrasound attenuation (BUA) and speed of sound (SOS); stiffness index (SI), which is measured by some heel ultrasound devices, is a combination of these parameters. SOS and SI may also be referred to as velocity of sound (VOS) and quantitative ultrasound index (QUI), respectively, depending on the QUS device. BUA and SOS measured at the heel have shown weak to moderate correlation with heel bone mineral density (BMD) [1] and femoral BMD [2] assessed using dual-energy X-ray absorptiometry (DXA). Ultrasound parameters are influenced by trabecular structure and organisation [3, 4] . Measured at the heel, ultrasound parameters are associated with fracture independently of hip BMD [5, 6] ; heel ultrasound is also safer, cheaper and more portable than DXA [7] . These characteristics of heel ultrasound help to support the notion of this modality as an alternative or adjunct to DXA for the purpose of fracture risk assessment. A necessary precursor to the use of heel ultrasound in clinical practice, however, is the development of appropriate heel ultrasound reference ranges to facilitate comparisons with age-matched and young adult reference standards.
There are no published heel ultrasound reference ranges for the Australian population and using published normative data developed in other populations in lieu of Australianspecific data may not be appropriate. Furthermore, sampling strategies used to develop reference data provided by the manufacturers of heel ultrasound devices may not be representative or random. The use of inappropriate reference data for the purpose of clinical assessment may bias estimates of fracture risk [8] . The reference data presented here, generated using a Lunar Achilles Insight Ultrasonometer, represent that of a largely homogeneous Caucasian sample of men and women residing in south-eastern Australia.
Methods

Study participants
This study is positioned within the Geelong Osteoporosis Study (GOS), a prospective cohort study initiated in 1993 [9] . Participants in the GOS were men (n01,540) and women (n01,494) aged ≥20 years randomly selected (over the periods 2001-2006 and 1993-1997 , respectively) from a region in south-eastern Australia defined by the Australian Bureau of Statistics (ABS) as the Barwon Statistical Division (BSD). The baseline response was 67 and 77 % for the male and female cohorts, respectively. The sampling frame was the Commonwealth of Australia electoral roll, registration for which is compulsory for individuals aged ≥18 years. Age stratification resulted in approximately 100 participants in each 5-year age group within the range 20-69 years and approximately 200 participants aged 70-79 and ≥80 years, as previously described [9, 10] . A further 221 women aged 20-31 years were recruited from the BSD during the 10-year follow-up for women (2004) (2005) (2006) (2007) (2008) in the same fashion as described above.
BUA, SOS and SI were assessed for the left heel using a Lunar Achilles Insight Ultrasonometer (GE Lunar, Madison, WI, USA) at baseline for men and at the 10-year follow-up for women. Measurements were performed by trained personnel using the same QUS device for men and women. In vivo precision was 4.0, 0.3 and 3.2 % for BUA, SOS and SI, respectively.
Participants were included in the analyses if they had complete measures of BUA, SOS, SI and anthropometry. A total of 436 men and 801 women had incomplete data and were excluded, leaving 1,104 men and 914 women who were included in the analyses. There were no other exclusion criteria such as fracture history, exposure to drugs or diseases that affect bone metabolism. Ethical approval for the study was obtained from the Barwon Health Human Research Ethics Committee, and all participants provided written consent.
Statistical analyses
Histograms of the heel ultrasound measures BUA, SOS and SI and the covariates age, weight and height for men and women were checked for normal distribution. Relationships between heel ultrasound measures and each of age, weight and height were examined using scatter plots. Gender-specific standard deviations and means for BUA, SOS and SI were calculated for the entire study sample and for those aged 20-29 year. All modelling were performed using linear regression. The independent variables age, weight and height were centred (by subtracting the appropriate mean from each variable) before including them in linear regression models to attenuate the effect of collinearity. The likelihood ratio test was used as a test for linearity; models for each heel ultrasound measure with and without squared exposure terms were compared to determine if associations were linear or non-linear. All possible regressions involving the dependent and independent variables (and the square transformations of age) were examined. The selection of parsimonious models for BUA, SOS and SI for men and women was a compromise between models with the fewest number of variables, lowest Mallows' C p statistic, lowest standard error and highest coefficient of determination (R 2 ). The assumptions of linear regression were examined by visualising the variance and distribution of residuals for models using scatter plots and histograms, respectively. Correlation coefficients for the relationships between both heel ultrasound measures and each covariate were also calculated. Simple comparisons for continuous variables were performed using unpaired two-sample t tests. The distributions of BUA and SOS in relation to the independent variables age, weight and height were displayed as scatter plots along with regression lines and 95 % prediction intervals; relationships with SI have not been shown. Statistical analyses were carried out using Stata version 11.1 (StataCorp LP, College Station, TX, USA). (Table 2) . Overall, the average BUA, SOS and SI for the young adult sample was higher than that for the older sample (122.8 vs 113.9 dB/MHz, 1,591.3 vs 1,571.3 m/s and 107.2 vs 95.7; P<0.001 for all three comparisons).
Results
Characteristics of the study population
Univariable associations between age and heel ultrasound measures
The relationships between age and each of BUA, SOS and SI were different for men and women; likelihood ratio tests suggested that the associations between age and ultrasound measures were linear in men and non-linear in women. The relationship between BUA and age in men was linear and negative across the age range examined ( Fig. 1a ; Table 3 ); BUA decreased by 0.17 dB/MHz (95 % CI, −0.22, −0.12 dB/ MHz; P<0.001) per year; however, the strength of this association was weak (r0−0.22 [95 % CI, −0.27, −0.16]). For women, the association between age and BUA was also negative but non-linear as BUA decreased at a greater rate after middle age ( Fig. 1b; Table 3 ). These patterns of association were also observed for SOS and age; SOS decreased linearly by 0.51 m/s (95 % CI, −0.63, −0.38 m/s; P<0.001) per year in men The association between BUA and weight was linear for both genders but stronger for women (Fig. 1e, f (Fig. 1c, d ), but like that between BUA and weight, the association was stronger in women than men (Fig. 2d, f) . In women, the correlations between SOS and each of weight and height (r00. Multivariable models for BUA, SOS and SI All multivariable models incorporating the covariates of age, weight and height were examined for their ability to predict BUA, SOS and SI in men and women. The regression coefficients for the parsimonious models are shown in Table 3 . Models were different for men and women, and in the case of the former, models were also different for each ultrasound measure. For men, the models for BUA and SI included the variables age, weight and height (adjusted R 2 , 6.0 and 7.6 %, respectively) but only age and height for SOS (adjusted R 2 , 7.3 %), whereas for women, models for BUA, SOS and SI included age (and the square transformation of age) and weight (adjusted R 2 , 37.0, 25.8 and 35.5 %, respectively).
Discussion
This study presents normative heel ultrasound data for a large population-based sample of adult men and women randomly selected from a region in south-eastern Australia. ABS census data have been used to show that the population in the study region (BSD) and the Australian population are comparable in terms of age structure and weekly income [9] . Standardisation of BUA, SOS and SI values using appropriate reference data will facilitate the assessment of fracture risk using heel ultrasound, a more practical and accessible modality for measuring bone quantity and quality than DXA. Fig. 2 a-f Associations between SOS and each of age, height and weight for men and women. Regression lines and 95 % prediction intervals are shown. e is truncated at 150 kg (n02 men excluded) to allow clearer visualisation of the spread of the data Previous studies have developed normative heel ultrasound data for men and women residing in Europe [11] [12] [13] [14] [15] [16] [17] , Asia [18] [19] [20] and South America [21] . Comparing the reference data presented here to that in extant literature is difficult due to the use of different heel ultrasound devices. Also, reference data for BUA, SOS and SI for women and men aged 20-29 years cannot be directly compared with that for different age groups. Despite these limitations, there is some evidence to suggest that, notwithstanding differences due to chance and those arising from participant selection strategies adopted, published heel ultrasound normative data are apparently different when developed in different regions (and ethnically different samples) using heel ultrasound devices by the same manufacturer [13, 18] and for different ethnic groups in the same population [13] . Also, heel ultrasound parameters measured in the same population using different devices do not correlate perfectly; Njeh et al. showed that the correlation coefficients for BUA or SOS measured using six different heel ultrasound devices were between 0.69 and 0.93 [2] . This suggests that normative heel ultrasound data that are region-, ethnicity-and device-specific are necessary for valid, informative comparisons in a clinical setting. While some studies that used Lunar Achilles ultrasound devices showed trends that were inconsistent across the adult age range, overall, general declines in ultrasound measures with increasing age have been reported for men and women [11, 15, 16, 20, 21] . Young adult reference means for BUA, SOS or SI measured using Lunar Achilles ultrasound devices for 20-to 29-year old Greek women [15] , 25-to 34-year old Swedish men and women [16] and 20-to 24-year old Chinese men [20] , Brazilian women [21] and UK women [11] appear to be lower than the equivalent data reported here for 20-to 29-year old Caucasian men and women residing in Australia. Discrepancies between data may be due to the use of different Lunar Achilles Ultrasonometers; this study utilised the Lunar Achilles 'Insight' model, whereas the studies mentioned above used alternative Lunar Achilles devices or the model used was unclear [20] .
Men
In addition to generating reference data, we also explored the relationship between heel ultrasound measures and each of age, weight and height. We have shown that the association between age and each of BUA, SOS and SI is negative and appears to be linear in men and non-linear in women. While some studies have reported a constant decline in ultrasound measures with increasing age in both genders, others have shown that non-linear models for BUA and a measure equivalent to SOS, VOS, for women [13, 17] and men [17] improved R 2 values. This lack of consistency in reported associations between age and ultrasound measures may be due to genetic and lifestyle differences between the study populations or biases arising from participant selection. Consistent with our findings, studies that included both male and female participants showed that the rate of decline in ultrasound measures appeared to be more marked in women [14, [16] [17] [18] . This trend was independent of physical activity and height as reported by Landin-Wilhelmsen et al. and was not consistent across the younger adult age range as reported by Langton et al. Overall, we found that age, weight and height were more strongly associated with BUA, SOS and SI in women than men. The reason for this discrepancy between genders may be due to the existence of factors, other than those examined, explaining the variance in BUA and SOS (particularly in men). In a multi-centre study in European men aged 40-79 years, BUA, SOS and a measure equivalent to SI, QUI, were positively associated with variables reflecting physical activity and negatively associated with smoking and the time taken to go from sitting to standing or to walk 50 ft, independently of weight, age and centre [22] . Saadi et al. reported a similar relationship between physical activity and each of BUA, SOS and QUI in postmenopausal women residing in the United Arab Emirates after adjusting for age and body mass index (BMI) [19] . Landin-Wilhelmsen et al. confirmed this association between physical activity and each of BUA, SOS and SI in both men and women after adjusting for significant confounders [16] . Our findings indicate that age and anthropometry alone do not account for all of the variations in BUA, SOS and SI; for women, 37, 26 and 36 % of the variance in BUA, SOS and SI, respectively, was explained by age and weight. The contribution of lifestylerelated factors such as physical activity has not been addressed in this study. Other studies that examined similar relationships also provide evidence of this; R 2 values for models that included a combination of age, weight, height, years since menopause or BMI for women were 19 and 44 % for SI [15, 21] , 33 % for BUA [21] and 45 % for SOS [21] .
Ultrasound measures have been identified as risk factors for fracture, independently of BMD [5, 6] ; in contrast, Jokinen et al. reported that BMI and physical performance were better predictors of hip fracture in their cohort of elderly women than BMD and heel ultrasound [23] . Current fracture risk algorithms do not incorporate ultrasound measures [24] [25] [26] . Considering that access to DXA is limited in some populations and that the cost of fracture in both human [27] and economic terms [28] is significant, the relative performance of models of fracture risk that include ultrasound measures alone or in combination with BMD should be explored.
The mean and standard deviation of BUA, SOS and SI for the sample of Australian men and women in this study are appropriate estimates of the population values of these heel ultrasound parameters as the sampling strategy adopted in this study was random and representative. The method of participant selection for the purpose of generating reference data can bias standardised values [8] . The importance of a large representative random sample in the development of reference ranges for BMD has been recognised by the World Health Organisation [29] . While the reference data presented here were developed in a random and representative sample, the incomplete response at baseline and the loss to follow-up in the female cohort means that it is possible that our study sample may be a healthier subset of the adult population. Also, considering that at least 99 % of the male and female cohorts at baseline of the GOS were Caucasian [8, 30] , these data may not be appropriate for the assessment of fracture risk in other ethnic groups.
To the best of our knowledge, this study provides the first heel ultrasound reference ranges for BUA, SOS and SI in a representative sample of the Australian population. These data facilitate the comparison of BUA, SOS and SI with age-matched and young adult reference standards in a clinical setting. Further work is required to determine whether these data are applicable to non-Caucasian sections of the Australian population and to improve the consistency of reporting of heel ultrasound reference data.
